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APPARATUS FOR TRANSDUCING A
SURFACE ACOUSTIC WAVE

TECHNOLOGICAL FIELD

Embodiments of the present invention relate to an appara-
tus for transducing a surface acoustic wave.

BACKGROUND

Although apparatus for transducing a surface acoustic
wave to an electrical signal are known they typically produce
as an output an alternating electrical signal that varies with the
surface acoustic waves amplitude.

If the surface acoustic wave has a high frequency then the
output electrical signal will alternate with a high frequency.
This can make utilization of the output signal difficult as
conventional silicon based semiconductor devices are not
responsive enough for high frequency operation.

BRIEF SUMMARY

According to various, but not necessarily all, embodiments
of the invention there 1s provided an apparatus comprising: a
piezoelectric substrate configured to propagate a surface
acoustic wave; and a transducer, coupled to the piezoelectric
substrate, comprising at least one graphene electrode config-
ured to transduce a propagating surface acoustic wave to an
clectrical signal.

According to various, but not necessarily all, embodiments
of the mnvention there 1s provided an apparatus comprising: a
piezoelectric substrate configured to propagate a surface
acoustic wave; a transducer, coupled to the piezoelectric sub-
strate, and configured to transduce a propagating surface
acoustic wave to a electrical potential; and a ground potential
node configured to provide a ground potential that 1s inde-
pendent of the surface acoustic wave, wherein the transducer
comprises a two-dimensional electrode having an electric
field dependent conductivity and configured to transduce a
propagating surface acoustic wave to an electrical signal.

According to various, but not necessarily all, embodiments
of the invention there 1s provided an apparatus comprising: a
piezoelectric substrate configured to propagate a surface
acoustic wave; transducer, coupled to the piezoelectric sub-
strate, comprising at least one electrode configured to trans-
duce a propagating surface acoustic wave to a electrical sig-
nal; and a ground potential reference node configured to
provide a ground potential reference that 1s independent of the
surface acoustic wave, wherein the electrode 1s coupled to the
piezoelectric substrate and has a conductivity that 1s depen-
dent upon a coupled electric field such that a varying electric
field at the piezoelectric substrate, caused by a propagating
surface acoustic wave, 1s coupled to the electrode and varies
the conductivity of the electrode.

According to various, but not necessarily all, embodiments
of the invention there 1s provided an apparatus comprising: a
piezoelectric substrate configured to propagate a surface
acoustic wave; transducer, coupled to the piezoelectric sub-
strate, and configured to transduce a propagating surface
acoustic wave to a direct current electrical potential; and a
ground potential node configured to provide a ground poten-
tial that 1s independent of the surface acoustic wave.

According to various, but not necessarily all, embodiments
of the mnvention there 1s provided an apparatus comprising: a
piezoelectric substrate configured to propagate a surface
acoustic wave; transducer, coupled to the piezoelectric sub-
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2

strate, and configured to transduce a propagating surface
acoustic wave to an output direct current electrical potential.

BRIEF DESCRIPTION

For a better understanding of various examples of embodi-
ments of the present invention reference will now be made by
way of example only to the accompanying drawings 1n which:

FIG. 1 1llustrates an example of an apparatus;

FIG. 2A 1illustrates an example of an apparatus at a first
moment 1n time;

FI1G. 2B illustrates the conductivity of a graphene electrode
at the first moment in time on a plot illustrating how conduc-
tivity varies with electric field for the apparatus illustrated in
FIG. 2A;

FIG. 3A illustrates the apparatus of FIG. 2A at a second
moment 1n time;

FIG. 3B illustrates the conductivity of a graphene electrode
at the second moment 1 time on a plot illustrating how
conductivity varies with electric field for the apparatus 1llus-
trated 1n FIG. 3A;

FIG. 4 illustrates an equivalent circuit for a graphene elec-
trode of a surface acoustic wave transducer:;

FIG. 5A illustrates an example of a voltage developed by a
piezoelectric substrate in response to a propagating surface
acoustic wave;

FIG. 5B 1llustrates a schematic of a possible output signal
in response to the voltage illustrated 1n FIG. SA;

FIG. 6A 1illustrates an example of a voltage developed by
the piezoelectric substrate in response to a propagating modu-
lated surface acoustic wave:

FIG. 6B 1illustrates a schematic of a possible modulated
output signal in response to the voltage 1llustrated 1n FIG. 6 A ;

FI1G. 7A 1illustrates, at a first moment 1n time, a surface
acoustic wave transducer that has a wide electrode;

FIG. 7B illustrates the apparatus with the wide electrode at
a second moment 1n time;

FIGS. 8, 9 and 10 illustrate different embodiments of the
apparatus 1n which a surface acoustic wave transducer com-
prises a plurality of parallel electrodes; and

FIG. 11 illustrates a device comprising the apparatus.

DETAILED DESCRIPTION

The Figures illustrate an apparatus 2 comprising: a piezo-
clectric substrate 4 configured to propagate a surface acoustic
wave 6 and a transducer 8, coupled to the piezoelectric sub-
strate 4, and configured to transduce a propagating surface
acoustic wave 6 to an electrical signal 11.

A surface acoustic wave 6 1s an acoustic wave traveling
along the surface of a material exhibiting elasticity. Typically
the surface acoustic wave causes lattice displacement of the
material. When the material 1s a piezoelectric substrate 4, the
local displacements caused by the surface acoustic wave
cause local variations in electric potential. The electric poten-
t1al may be coupled to an electrode 10 of a transducer 8. The
clectrode 10 may be charged as a plate of a capacitor without
the transfer of free charge across an interface between the
clectrode 10 and piezoelectric substrate 4.

FIG. 1 illustrates an example of an apparatus 2. The appa-
ratus 2 comprises a graphene electrode 10 formed over a
piezoelectric substrate 4.

The piezoelectric substrate i1s configured to propagate a
surface acoustic wave 6 1n a {irst direction X. The piezoelec-
tric substrate may, for example, be formed from quartz,
lithium niobate, lithium tantalite, lanthanum gallium silicate
etc.
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The graphene electrode 10, 1n this example, extends
lengthwise 1n a second direction Y that 1s orthogonal to the
first direction X. The electrode 10 1s capacitative coupled to
the piezoelectric substrate 4 and transduces the propagating
surface acoustic wave 6 to an electrical signal 11.

The graphene electrode may be formed from a two-dimen-
sional graphene ribbon. Graphene has an advantage 1n that the
component fabrication i1s possible using similar processing
methods as 1s used for CMOS circuits, such as lithography.
The graphene may be a two-dimensional (2D) monolayer.
Monolayer graphene 1s a semi-metal (a semiconductor with
zero band gap) 1n 1t’s pristine state without any treatments.

The graphene electrode 10 forms a transducer 8 which
operates at room temperature. It transduces a propagating
surface acoustic wave 6 to an electrical signal 11.

FIGS. 2A and 3A 1illustrate an apparatus similar to that
illustrated 1n FIG. 1. The graphene electrode 10 1s a two-
dimensional electrode 10 that has an electric field dependent
conductivity as 1llustrated 1n FIGS. 2B and 3B.

As can be seen from FIG. 2B, an electric field generated by
the piezoelectric substrate 4 as a consequence of the surface
acoustic wave 6 varies across arange R. Overthisrange R, the
conductivity of the graphene electrode 10 varies monotoni-
cally (the range does not overlap the Dirac point).

In FIG. 2A, a mmimum amplitude of the surface acoustic
wave 6 coincides with the position of the graphene electrode
10. The piezoelectric substrate 4 develops a negative voltage
which results 1 a low conductivity of the graphene electrode
10 as 1llustrated 1n FI1G. 2B.

As the minimum of the surface acoustic wave 6 moves past
the position of the graphene electrode 10, the piezoelectric
substrate 4 develops an increasing voltage which results 1n
increasing conductivity of the graphene electrode 10.

In FIG. 3A, a maximum amplitude of the surface acoustic
wave 6 now coincides with the position of the graphene
clectrode 10. The piezoelectric substrate develops a maxi-
mum positive voltage which results 1n a maximum conduc-
tivity of the graphene electrode 10 as illustrated in FIG. 3B.

The operation of the transducer 8 may be understood from
FIG. 4, which illustrates an equivalent circuit for the graphene
clectrode 10.

The voltage developed by the piezoelectric substrate 4 as a
consequence of the surface acoustic wave 1s modeled as Vinin
FIG. 4.

The coupling between the piezoelectric substrate 4 and the
graphene electrode 10 1s modeled as capacitance C in FIG. 4.

The electric field dependent conductivity of the graphene
clectrode 10 1s modeled as a gated device having a channel
that has a variable transconductance (resistance R), such as a
field effect transistor. The gate receives as iput the voltage
developed by the piezoelectric substrate 4 (Vin). The channel
1s connected 1n series with the capacitance C which 1s in series
with the voltage developed by the piezoelectric substrate 4
(Vin).

The channel provides an output signal 11 that develops a
voltage Vout relative to the ground reference node 12. The
ground reference potential node 12 may be configured to
provide a ground reference potential that 1s independent of the
surface acoustic wave 6.

When the maximum amplitude of the surface acoustic
wave 6 coincides with the graphene electrode 10, the voltage
developed by the piezoelectric substrate 4 (Vin) 1s minimum
and the conductivity of the graphene electrode 1s minimum.
The timing constant RC of the equivalent circuit 1s maximum.

When the maximum amplitude of the surface acoustic
wave coincides with the graphene electrode 10, the voltage
developed by the piezoelectric substrate 4 (Vin) 1s maximum
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4

and the conductivity of the graphene electrode 1s maximum.
The timing constant RC 1s minimum.

It will therefore be appreciated that the RC timing constant
1s smaller when the capacitance C 1s charging than when the
capacitance C 1s discharging.

As the oscillations 1n Vin are more frequent that the timing
constant charge accumulates at the capacitance C which pro-
duces a direct current output signal 11. Direct current 1n this
context means that the output signal 11 has a sign (polarity)
that does not change (toggle).

FIG. 5A illustrates an example of a voltage developed by
the piezoelectric substrate 4 (Vin) 1n response to a propagat-
ing surtace acoustic wave 6. The voltage Vin has a constant
frequency and constant amplitude, which may be greater than
1 Ghz or even greater than 1 THz.

FIG. 5B illustrates a schematic of a possible output signal
11. The output signal 11 (Vout) has a generally constant value
with some fluctuations caused by the charging discharging
cycles of the capacitance C. It should be noted that charging
1s Taster than discharging.

The apparatus 2 may therefore be used a rectifier that can
operate as high frequencies.

FIGS. 6A and 6B, 1llustrates how the apparatus 2 may be
used as a demodulator.

FIG. 6A 1illustrates an example of a voltage developed by
the piezoelectric substrate 4 (Vin) 1n response to a propagat-
ing surtace acoustic wave 6. The voltage Vin has a constant
frequency, which may be greater than 1 Ghz or even greater
than 1 THz, and a more slowly modulated amplitude.

FIG. 6B 1llustrates a schematic of a possible output signal
11. The output signal 11 (Vout) has a value that tracks the
slowly modulated amplitude 1n FIG. 6A.

The apparatus 2 may therefore be used as a demodulator
that can operate at high frequencies.

FIGS. 7A and 7B 1llustrate an apparatus 2 similar to that
illustrated previously. However, 1n this example, the graphene
clectrode 10 that has a large width W.

In this example the graphene electrode 10 has a width W 1n
the first direction X that 1s N times greater than the wave-
length o the propagating surface acoustic wave 6. N 1s greater
than orequal to 1. It may, for example, be greater than or equal
to 2, 4 or 10. N may be a whole number.

As the surface acoustic wave propagates past the graphene
clectrode, it creates an oscillating displacement 1n the piezo-
clectric substrate 4 that propagates with the surface acoustic
wave 6. The oscillating displacement in the piezoelectric
substrate 4 generates a corresponding oscillating local elec-
tric field at the graphene electrode 10 that also propagates
with the surface acoustic wave 6. The oscillating electric field
generates a corresponding oscillating local conductivity 1n
the graphene electrode 10 that also propagates with the sur-
face acoustic wave 6.

The surface acoustic wave 6 therefore creates stripes of
different conductivity that are parallel and normal to the
direction of propagation of the surface acoustic wave 6. These
stripes move with the propagating surface acoustic wave 6. It
the width W of the graphene electrode 10 1s an integral num-
ber of wavelengths A of the surface acoustic wave, then the
number of high and low conductivity stripes remains constant
although their position propagates with the surface acoustic
wave 0.

The different conductivity induced by the localized piezo-
clectric field corresponding to the surface acoustic wave,
turns the graphene electrode into a superstructure comprising,
parallel conducting/insulating stripes, following the period-
icity of the surface acoustic wave 6. The pattern 1s dynamic
tollowing the propagation of the surface acoustic wave 6.
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As there are a constant number of conducting and non-
conducting stripes, the combined output signal 11 will have a

substantially constant potential.

The conducting stripes contribute most to the output signal
11. If the width W 1s much greater than the wavelengths A of
the surface acoustic waves 6, then the output signal 11 wall
have a substantially constant potential for a surface acoustic
wave of any constant wavelength.

If the amplitude of the propagating surface acoustic wave1s
modulated slowly then the output signal 11 will track the
modulation signal. The apparatus 2 may therefore be used as
a de-modulator.

The wider graphene electrode 10 may be a sole electrode
10. That 1s the transducer 8 may only comprise a single
graphene electrode 10.

In FIGS. 8,9 and 10 the transducer 8 comprises a plurality
of parallel graphene electrodes 10 each configured to trans-
duce a propagating surface acoustic wave 6 to an electrical

signal 11.

As 1n the previous Figures, the plurality of parallel
graphene electrodes 10 extend 1n a second direction 'Y that 1s
orthogonal to a first direction X 1n which the surface acoustic
wave 6 propagates. The plurality of parallel graphene elec-
trodes 10 are electrically interconnected.

Each of the plurality of parallel graphene electrodes 10 has
a width w 1n the first direction which may be less than one half
the maximum wavelength of the surface acoustic waves 6.

The plurality of parallel graphene electrodes 10 may have
a regular periodicity with a separation d between them. The
separation d may be one wavelength of the surface acoustic
wave. The distance d 1s used to tune the transducer 8 to a
particular frequency of surface acoustic wave, allowing the
apparatus 2 to operate as a {ilter or detector.

A ground reference potential node 12 1s, 1n these examples,
configured to provide a ground reference potential that is
independent of the surface acoustic wave 6.

In FIGS. 8 and 9, the plurality of parallel graphene elec-
trodes 10 are aligned in the first direction and are electrically
interconnected 1n electrical parallel to output an electric volt-
age as the signal 11. The output voltage 1s provided between
a metal connector 14 from which the plurality of parallel
graphene e¢lectrodes 10 extend and the ground reference
potential node 12. The metal connector extends parallel to the
first direction X in which the surface acoustic wave 6 1s
propagating. The output voltage may be a direct current volt-
age that 1s less than a voltage capable of operating a Schottky
diode (e.g. less than 200 mV).

In FIG. 8, the plurality of parallel graphene electrodes 10
extend from the metal connector 14 and terminate 1n free
space.

In FIG. 8, each of the plurality of parallel graphene elec-
trodes 10 extend from the metal connector 14 and couple to a
respective one of a plurality of parallel metal electrodes 16
that extend 1n the second direction Y and terminate 1n free
space. The plurality of parallel graphene electrodes 10 form
bridges between the metal electrodes 16 and the metal con-
nector 14.

In FIG. 10, the plurality of parallel graphene electrodes 10
are electrically interconnected in electrical series to output an
clectric current as the signal 11.

The plurality of parallel graphene electrodes 10 can be
divided into an odd set and an even set. Odd ones of the
plurality of parallel graphene electrodes 10 are aligned with
cach other 1n the first direction. Even ones of the plurality of
parallel graphene electrodes 10 are aligned with each other in
the first direction but are not aligned with the odd ones.
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Metal interconnect connects each odd graphene electrode
to 1ts next adjacent even graphene electrode. Metal 1ntercon-
nect connects each even graphene electrode to its next adja-
cent odd graphene electrode.

In this configuration, the apparatus 2 operates as a charge
pump.

FIG. 11 illustrates an example of the apparatus 2 config-
ured as a module 22.

The module may, for example, be part of a larger device 20
such as an analog signal processor, a high-frequency rectifier,
an energy harvester, a demodulator, or a recerver.

As used here ‘module’ refers to a unit or apparatus that
excludes certain parts/components that would be added by an
end manufacturer or a user.

The recerver may operate by using the piezoelectric sub-
strate 4 to convert incident microwaves 1nto surface acoustic
waves 6 which can then be converted to an electrical signal by
the apparatus 2.

Although embodiments of the present invention have been
described 1n the preceding paragraphs with reference to vari-
ous examples, i1t should be appreciated that modifications to
the examples given can be made without departing from the
scope of the invention as claimed. For example, although a
graphene electrode 10 1s illustrated other two-dimensional
clectrodes 10 may be used. It 1s preferable to use an electrode
with a high electron mobility that varies with local piezoelec-
tric potential.

Features described 1n the preceding description may be
used 1n combinations other than the combinations explicitly
described.

Although functions have been described with reference to
certain features, those functions may be performable by other
teatures whether described or not.

Although features have been described with reference to
certain embodiments, those features may also be present 1n
other embodiments whether described or not.

Whilst endeavoring 1n the foregoing specification to draw
attention to those features of the invention believed to be of
particular importance 1t should be understood that the Appli-
cant claims protection in respect of any patentable feature or
combination of features hereinbefore referred to and/or
shown 1n the drawings whether or not particular emphasis has
been placed thereon.

I claim:

1. An apparatus comprising:

a piezoelectric substrate configured to propagate a surface

acoustic wave;

a transducer, coupled to the piezoelectric substrate, com-
prising at least one graphene electrode configured to
transduce a propagating surface acoustic wave to an
clectrical signal; and

a ground reference potential node configured to provide a
ground reference potential that 1s independent of the
surface acoustic wave;

wherein the at least one graphene electrode comprises a
two-dimensional graphene ribbon monolayer config-
ured to be a semiconductor with zero band gap;

wherein the transducer 1s configured to transduce a propa-
gating surface acoustic wave to an output direct current
clectrical signal;

wherein the propagating surface acoustic wave has a fre-
quency of greater than 1 THz; and

wherein the piezoelectric substrate and the at least one
graphene electrode are coupled to form a channel having
a variable transconductance that provides an output sig-
nal that develops an electric voltage relative to the
ground reference potential node.
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2. An apparatus as claimed in claim 1, wherein the
graphene electrode 1s a two-dimensional electrode having an
clectric field dependent conductivity.

3. An apparatus as claimed in claim 1, wherein the
graphene electrode 1s coupled to the piezoelectric substrate
and has a conductivity that 1s dependent upon a coupled
clectric field such that a varying electric field at the piezoelec-
tric substrate, caused by a propagating surface acoustic wave,
1s coupled to the graphene electrode to vary the conductivity
of the graphene electrode.

4. An apparatus as claimed in claim 3, wherein the varying
clectric field at the piezoelectric substrate 1s within a range
within which the change 1n conductivity of the graphene with
clectric field 1s monotonic.

5. An apparatus as claimed 1n claim 1, wherein the trans-
ducer comprises a plurality of parallel graphene electrodes
cach configured to transduce a propagating surface acoustic
wave to an electrical signal.

6. An apparatus as claimed 1n claim 5, wherein the plurality
of parallel graphene electrodes extend 1n a second direction
that 1s orthogonal to a first direction in which the surface
acoustic wave propagates.

7. An apparatus as claimed in claim 5, wherein the plurality
of parallel graphene electrodes are electrically intercon-
nected.

8. An apparatus as claimed 1n claim 7, wherein the plurality
ol parallel graphene electrodes are electrically interconnected
in electrical parallel to provide the output signal that develops
the electric voltage.

9. An apparatus as claimed in claim 7, wherein the plurality
ol parallel graphene electrodes are electrically interconnected
in electrical series to output an electric current.

10. An apparatus as claimed in claim 1 wherein the trans-
ducer 1s configured to transduce surface acoustic waves hav-
ing a maximum wavelength and wherein the graphene elec-
trode has a width 1n a direction of propagation of the surface
acoustic waves greater than or equal to N times the maximum
wavelength, where N 1s greater than or equal to 1.

11. An apparatus as claimed in claim 10 wherein N 1s
greater than or equal to 2.

12. An apparatus as claimed 1n claim 1, wherein the trans-
ducer 1s configured to transduce, at room temperature, a
propagating surface acoustic wave to an electrical signal.

13. An apparatus as claimed in claim 1, configured as a
module.

14. An apparatus as claimed in claim 1, comprised within
an analog signal processor, a high-frequency rectifier, an
energy harvester, a demodulator, or a recerver.

15. An apparatus comprising:

a piezoelectric substrate configured to propagate a surface

acoustic wave;

a transducer, coupled to the piezoelectric substrate, com-

prising at least one electrode configured to transduce a
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propagating surtace acoustic wave to an output direct
current electrical signal; and

a ground potential reference node configured to provide a
ground potential reference that 1s independent of the
surface acoustic wave, wherein the electrode 1s coupled
to the piezoelectric substrate and has a conductivity that
1s dependent upon a coupled electric field such that a
varying electric field at the piezoelectric substrate,
caused by a propagating surface acoustic wave, 1s
coupled to the electrode and varies the conductivity of
the electrode, and wherein the electrode comprises a
two-dimensional graphene ribbon monolayer config-

ured to be a semiconductor with zero band gap;
wherein the propagating surface acoustic wave has a Ire-

quency of greater than 1 THz; and

wherein the piezoelectric substrate and the at least one
clectrode are coupled to form a channel having a vari-
able transconductance that provides an output signal that
develops an electric voltage relative to the ground poten-
tial reference node.

16. An apparatus comprising;:

a piezoelectric substrate configured to propagate a surface
acoustic wave;

a transducer, coupled to the piezoelectric substrate, and
configured to transduce a propagating surface acoustic
wave to an output direct current electrical potential, the
transducer comprising an electrode comprising a two-
dimensional graphene ribbon monolayer configured to
be a semiconductor with zero band gap; and

a ground potential node configured to provide a ground
potential that 1s independent of the surface acoustic
wave;

wherein the propagating surface acoustic wave has a fre-
quency of greater than 1 THz; and

wherein the piezoelectric substrate and the electrode are
coupled to form a channel having a variable transcon-
ductance that provides an output signal that develops an
clectric voltage relative to the ground potential node.

17. An apparatus comprising;:

a pi1ezoelectric substrate configured to propagate a surface
acoustic wave; and

a transducer, coupled to the piezoelectric substrate, and
configured to transduce a propagating surface acoustic
wave to an output direct current electrical potential, the
transducer comprising an electrode comprising a two-
dimensional graphene ribbon monolayer configured to
be a semiconductor with zero band gap;

wherein the propagating surface acoustic wave has a fre-
quency of greater than 1 THz; and

wherein the piezoelectric substrate and the electrode are
coupled to form a channel having a variable transcon-
ductance that provides an output signal that develops an
clectric voltage relative to a ground potential node.
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